The possibility of reducing defects in the arc welding process has attracted research interest, particularly, in the aerospace and nuclear sectors where the resulting weld quality is a major concern and must be assured by costly, timeconsuming, non-destructive testing (NDT) procedures. One possible approach is the analysis of a measurand correlated with the formation of defects, from which a control action is derived. Among others, the thermographic analysis of the weld pool and the heat-affected zone have proven to be a useful technique, since the temperature profile of the material being welded has a clear correlation with the process parameters. In this paper, we propose a control system for the submerged-arc welding (SAW) process, based on thermographic imaging of the back face of the joint being welded. Inlab experiments, with simultaneous infrared and a visible imaging, have been performed. Two image analysis techniques are proposed: tracking of the maximum temperature point of the infrared images, and morphological analysis of the visible images. In-lab welding experiments have demonstrated the feasibility of both techniques. They are able to obtain an estimation of the surface temperature and to detect the occurrence of the perforation defect, what has major application for defect detection and reduction in the joining of shell sections of nuclear steam generators.
INTRODUCTION
Arc welding is a joining procedure that has been used for years in many industrial applications. In some of them, like the nuclear and aerospace sectors, control quality of the welding process is a major concern. Commonly, off-line, nondestructive testing techniques (x-rays, penetrant liquids, magnetic particles, ultrasonics, etc.) are used to identify defective welds; but these techniques are time-consuming and expensive, and a particular weld seam identified as nonvalid would have to be reworked. A real-time sensing and control system could prevent or reduce possible defects, thus reducing costs and improving productivity.
Many principles have been employed for process monitoring, such as measurement of the charge voltage induced on the welding nozzle [1] or analysis of acoustic emissions [2] . Optical methods include measurement of the light emission with remote photodiodes [3] or spectroscopic analysis of the plasma [4] .
One particular interesting approach is based on infrared thermography [5] [6] . When applied to the arc welding monitoring, the spatial distribution along the surface of the piece to be welded can be obtained. Thus, the size and shape of the welding pool can be inferred [7] [8] [9] . Perturbations of the measured temperature have been associated with defects [10] [11] [12] [13] .
Some drawbacks of this technique are the high cost of infrared thermographic cameras, the real-time requirements for the image processing algorithms, and the infrared radiation coming from the plasma, that is combined with the one emitted by the workpiece surface.
To a lesser extent, visible cameras have been employed for this task. The laser welding process, for example, allows coaxial configurations [14] [15] , and results with CMOS [16] and CCD [17] cameras have been reported. Visible cameras have been also used for the monitoring of the arc welding process [18, 19] . The main drawbacks of monitoring with visible cameras are the large dynamic range involved the strong electromagnetic interferences from the arc and the environment, and the strong plasma emission from the arc, that needs to be filtered out.
If the back face of the pieces being welded is monitored, however, some of these problems are eliminated or mitigated. In particular, the process of submerged arc welding is especially suitable for this approach, because plasma emission from the arc is not accessible, and some of the alternative techniques described (such as plasma spectroscopy or direct imaging of the weld pool) are note feasible.
In the next section, the main characteristics and monitoring needs of the submerged arc welding process, for which this work is intended, are presented.
SUBMERGED ARC WELDING PROCESS
The Submerged Arc Welding (SAW) process is commonly used in many industrial sectors for joining ferrous or nickelbased alloys, when a high deposition rate and deep welds are needed. In this process, the electrode is consumable, while the melted material is protected from atmospheric gases by being submerged under a layer of a granulated compound, the welding flux.
This work is focused on the monitoring and control of the welding process of large steam generators for the nuclear industry. In particular, the joining of the outer shell sections of the generators, which is based on a multipass SAW process. Figure 1 shows a scheme of this particular setup. In this Figure, a cross section of the generator is shown. The welding torch (upper part of the figure) is fixed, while the entire workpiece to be welded is rotating along its axis. Typical diameters of the workpiece are 4 or 5 meters, while the thickness of the outer shell can be 10cm or even thicker.
To completely join such a thick piece, several passes are required. It must be noted that an initial weld seam only a few millimeter thick is deposited on the internal face of the join, by means of a manually operated Tungsten Inert Gas (TIG) process. This weld seam prevents the two pieces from moving with respect to each other during the first pass. The presence of this initial weld seam, along with the nature of the process itself, prevent a direct vision of the arc or the upper surface of the heat affected zone (HAZ), thus precluding the use of most of the monitoring principles commented in the introduction. With this particular arrangement, back-face imaging of the welding pool and HAZ is a promising approach. It must be noted that manual monitoring by an operator from the outside is not possible, while an inspection from the inside has severe safety concerns, especially during the welding of the last section (final joint), for which the access to the interior of the generator is restricted to a manhole.
In the next section, the proposed principle of monitoring, which is aimed at the prevention of the perforation defect, will be detailed.
BACK-FACE IMAGING WITH THERMAL AND VISIBLE CAMERAS
The aim of the proposed monitoring technique is the prevention of the most occurring defect in this procedure: a perforation of the previously-deposited weld seams. The proposed technique tries, on one hand, to prevent the occurrence of this defect by means of the real-time monitoring of the back-face temperature profile, which should be constant during each welding pass; and on the other hand, to detect a possible perforation in real-time so the process can be stopped and the defect properly re-worked.
The proposed technique is based on the far-field direct observation of the heat affected zone at the back-face of the welding pool, using a thermographic camera. The real-time processing of the images can extract the desired information, namely, the thermal profile of the HAZ (which should be constant in temperature values and shape for each welding pass), and the occurrence of a perforation. From the thermal profile changes, a control action can be derived to prevent the occurrence of a perforation, for example, a change in the travel speed of the piece with respect to the welding torch.
For these tasks (detecting changes in the thermal profile to avoid perforation, and detecting the occurrence of the defect), a simple image analysis technique is proposed: the measurement of the point of maximum temperature, as a rough indication of the stability of the overall thermal profile.
However, one important aim of this work is the feasibility of using a conventional color CCD camera. This is motivated by the high cost of infrared thermographic cameras, compared to CCD cameras in the visible range. Although low-cost infrared cameras are currently available, they are usually restricted in terms of resolution, noise, video interface, or working temperature range of the electronics. Furthermore, as the expected temperatures to be monitored are above 1000K, there is significant radiation within the wavelength detection range of conventional RGB CCD cameras, thus allowing an intensity-based or colorimetric approach to estimate the temperature or the shape of the HAZ at the backface. Alternatively, a morphological analysis of the visible images is proposed. For a correct welding, isothermal lines in the image are supposed to have a slightly oval shape, which can be approximated by a circle. The radius of the circle should be constant during a correct welding, with a perforation producing a major disruption in the image that is easily detected: both a change in the shape of the weld pool and light coming from the arc plasma emission should be observed.
All the in-lab experimental works carried out to check the proposed techniques have been performed simultaneously with a thermographic and a visible CCD camera, as detailed in the next Section.
IN-LAB EXPERIMENTAL SETUP
Several welding experiments under controlled conditions have been carried out in the laboratory. The experimental setup tries to match the setup and environment of welding procedures of the steam generators as much as possible. The experimental setup is shown in Figure 2 . Due to inherent restrictions of the lab environment, a Tungsten Inert Gas (TIG) procedure has been employed, using a "Kemppi MasterTIG 2200" power supply with arc current up to 220A. A nonconsumable electrode (Tungsten, 1mm diameter) and a supply of shielding gas (Argon, flow of 12L/min) are the main differences with the SAW process, which nonetheless are not expected to affect the suitability of the proposed technique.
Plates to be welded were placed in a PC-controlled two-axis linear stage, so any desired trajectory for the weld seam could be performed.
The welding procedure has been observed with two cameras placed side by side two meters away from the welding torch, orthogonal to the back-face of the plates to be welded. At such distance, the parallax error between the images from both cameras can be neglected. The thermographic camera is a CMT-128 from Thermosensorik, configured with a resolution of 128x128 and up to 880 frames per second (fps). Its spectral range covers from 3.4 to 5.1µm. The color CCD camera is an AVT Guppy F-033C from Allied Vision Technologies, configured with 320x240 resolution, 30 fps. A neutral filter was used to prevent saturation of the CCD camera. A total number of 27 welding experiments, using the TIG torch in continuous (i.e., non pulsed) mode, have been realized. The material of the plates was stainless steel (AISI 304) of different thickness (1, 2 and 3mm). In order to reproduce the defect of perforation, some of the plates have an incision, a small zone with a reduced thickness in the path of the weld seam. This arrangement tries to simulate the real origin of the perforation defect, which is commonly related to small deviations of thickness of the preliminary weald seam deposited at the inner surface of the shell joints of the steam generator. In Figure 3 , a photograph of the resulting welding seams of two relevant experiments is shown. Weld seam labeled "A" (upper part of the photograph) has no defect at the incision, while the weld seam "B" has a clear perforation. Images of the back face of the plate during welding, with both infrared and visible cameras, have been recorded. In the next Section, the results from the image processing algorithms are showed and discussed.
RESULTS AND DISCUSSION

Thermographic imaging
Using the thermographic camera, a sequence of infrared images has been recorded for each welding experiment. For every image, the point of maximum temperature has been located, and its intensity averaged over a 4x4 pixels region. Weld seam position (cm) 5 The temperature of this point is expected to be constant during a correct welding. For plates with different thickness along the seam, which is the case of the two welding experiments shown in this paper, the temperature is expected to be correlated with the plate thickness at every point, provided that the rest of the parameters remain constant. If a perforation occurs, some detectable instability of the maximum temperature is expected. Figure 4 shows the temporal evolution of the maximum temperature point along the weld seam "A" (upper welding seam of figure 3 ). The thermal images at some points of the seam are also displayed. It must be noted that the thermal images are not calibrated with a known reference temperature, so the pixel values of the images are the raw amount of infrared radiation detected by the camera, which in turn can be related to the real temperature. This is not an obstacle for the proposed technique because only relative changes of the temperature are analyzed. Fig. 4 . Evolution of the maximum temperature point along a weld seam "A" with no defects but a zone of reduced thickness. Vertical axis is the total amount of infrared radiation.
It can be seen in Figure 4 zones with different amount of infrared radiation, and thus different temperatures. At the beginning of the weld seam, heating of the back surface from ambient temperature is expected, while at the end (6cm from the origin), the slight increase is provoked because the plate movement stops before the arc is extinguished. Apart from these effects, the temperature remains constant from positions 1cm to 3cm and from 5cm to 6cm, which correspond to a correct welding with constant parameters and plate thickness, as expected. From positions 3cm to 5cm, corresponding to the incision with reduced thickness, an abrupt change in temperature is detected. In this experiment, however, no perforation was observed, but the temperature increment is consistent with the thickness change, as the weld pool approach the back-face of the plate at the incision.
Being one aim of this work the monitoring and control of the welding process in order to avoid the occurrence of defects, in particular perforations, this signal extracted from the infrared image can be used for this task: once the maximum temperature rises above the expected value for a concrete set of process parameters (welding current and speed, material and thickness, …), a control action, like increasing the welding speed, can be implemented. Typical welding speed in these large structures is quite slow (about 0.5m/min), so no high-speed cameras or signal processing schemes are needed. Figure 5 corresponds to another welding experiment (weld seam "B"), which resulted in a perforation defect at the incision. In this case, the temporal evolution of the temperature is similar to the previous case, with only a subtle difference: a small instability during the formation of the perforation, which can be seen between positions 3.5cm and 4cm of the weld seam in the Figure. It must be noted that these instabilities of the maximum temperature have been reproduced in all the welding experiments resulting in perforation, so a statistical analysis of the signal reproduced above could alert the occurrence of this defect. However, it is clear from the figure the small amplitude of these instabilities, which could be obscured by noise, especially in a production environment characterized by high levels of electromagnetic interferences. For this reason, another processing scheme, to substitute or complement the above presented, is desirable. In the next paragraphs, an alternative technique based on morphological analysis of the images, is presented. It can be applied to both infrared and visible images, but similar performance is expected in both cases. This is because, as mentioned before, typical working temperatures of the back-face result in significant radiation in the detectable range of common silicon-based CCD cameras, and captured images with both types of camera are quite similar. Only the results with a visible camera are detailed in the following lines.
Visible imaging
Visible images of each welding experiments have been recorded with the CCD camera. They are synchronized with the thermographic images, so the correlation between them can be used to establish the feasibility of using the visible camera to monitor the behavior of the welding. Figure 6 shows a sequence of images from the welding experiment "B" commented above, with a perforation defect. Several preliminary conclusions can be extracted from those images. First, the zone of reduced thickness (incision) appears as a brighter, larger spot in the images, with respect to the rest of the seam. The changes in the colors of the spot are also detectable, in response to the wavelength shift of the black body radiation.
Second, the formation of the defect is clearly visible because the radiation from the plasma passes through the void and is captured by the camera. This bright radiation easily saturates the camera, as has happened in this experiment. Additionally, as the main wavelengths emitted by the plasma are located at the short end of the visible spectrum (from near ultraviolet to blue), this is a clear departure from the red dominant images of the incandescent plate surface. These facts suggest that temperature estimation and defect detection from visible images could be addressed in two ways: a colorimetric approach (colors of the spot) and a morphological one (size of the spot). However, preliminary experimental results with the available CCD camera suggest that the colorimetric approach does not deliver the required performance. Temperature changes are associated with changes in the overall radiation that easily take the images from under-exposure to saturation. An automatic gain control (AGC) procedure would solve this problem, but its time response, which is usually slow, could be a problem. Additionally, the limited wavelength response and the low intraimage dynamic range associated with color CCD cameras make the imaging of the entire HAZ very difficult, and only a small area around the maximum temperature point can be measured in a reliable way. What is most important, the facts that the significant wavelengths at the working temperatures are limited to the red (R) channel and the expected changes in chromaticity are limited; that there is an inherent noise associated with the CCD imaging, and that the resolution of the R channel is 8 bits only in our case, make it very difficult to measure small changes in temperature with this approach.
This has been experimentally confirmed by means of a black-body calibrator Mikron M330. Images of its surface, at different temperatures, were taken with the CCD camera. The images were averaged and the color parameters extracted. The results are shown in Table 1 . It can be seen from the table that the valid analysis range with this particular setup extends from 950ºC to 1150ºC, a 200ºC span. For lower temperatures the amount of visible radiation is very low, while higher temperatures produce saturation of the CCD elements (no automatic gain control -AGC-has been used). Within the useful range of the CCD, it is expected that the Hue value changes linearly with the temperature. Although a monotonic increment is shown, variation range is very small. The data suggest that changes in temperature of less than 50ºC are difficult to observe, which is not practical for this application.
For that reason, a morphological analysis is proposed to process the visible images and detect both changes in temperature and the occurrence of the perforation defect, by means of simple shape analysis. The proposed algorithm is shown in Figure 7 . It is based on the detection of a circle of luminance around the point of maximum temperature. To do that, several stages are needed: selection of a region of interest (ROI) around the HAZ, conversion of the image to a Hue-SaturationLuminance (HSL) color model and extraction of the luminance (L) plane, application of a threshold filter, and circle detection. A circle has been selected because the isothermal lines near the maximum temperature point can be considered circular. The radius of the circle is expected to be constant during a correct welding, and change according to temperature changes. In the event of a perforation, an abrupt change in shape is expected, that should be detected by the circle detection algorithm.
This approach has been successfully validated. An example of the results is shown in Figure 8 , where the proposed algorithm has been applied to visible images of the welding experiment "B" already described. Changes in circle's radius at the incision (temperature change, image c) in the figure) and in shape during a perforation (image e) in the figure) are clearly detected. Finally, as a summary of this section, a comparison of the capabilities of these techniques for welding process control and defect detection, using both infrared and visible images, is presented. 
Comparison of the proposed techniques for infrared and visible images
The main results of this work are summarized in Figure 9 . The left part of the figure shows a welding experiment ("A"), where a section of the seam has a reduced thickness that should be detected as an increment in the measured temperature, but no perforation defect was produced. In the right column of the Figure, weld seam "B" shows a clear perforation at the incision. Fig. 9 . Summary of the results with the proposed techniques for both infrared and visible imaging of the back surface of the plate under welding. A welding experiment without (left) and with (right) perforation defect is shown. Graphs b) correspond with an estimated maximum temperature from the thermographic images, while graphs c) show a morphological analysis of the visible images. In both cases, the temperature increment of a reduced thickness zone is successfully detected, and also the occurrence of a perforation defect could be derived from the charts.
For the left column (no defect), the tracking of the maximum temperature point of the thermographic image is shown in chart b). The vertical axis is the total infrared radiation captured by the camera, proportional to the temperature, but no temperature calibration has been performed during the experiment. The weld seam position with an important increment of temperature is associated with the position of reduced thickness of the plate. The chart corresponding to the welding experiment with perforation -right column, chart b) -shows a similar behavior, but small instabilities are visible when the perforation occurs.
From the visible images, the shape of a small portion of the heat affected zone, around the maximum temperature point, has been analyzed. After a thresholding operation on the luminance of the visible image, it is fitted to a circle, and its radius and position recorded. This approach is in fact equivalent to estimate the size position of an arbitrary isothermal from a thermographic image.
Chart c) of the left column of the figure shows the results with no perforation defect: there is an increment of the estimated radius (solid line), resulting from the increased temperature at the incision. The position of the circle within the image (dotted line) varies at the incision, possibly due to the thermal diffusion change at the abrupt thickness changes. For the welding experiment with defect -right column, chart c)-, the radius has a large change when the perforation occurs, due to the change in shape and the irruption of the plasma emission from the arc.
These experimental results show that both approaches are suitable, on one hand, to detect unexpected changes in temperature that can trigger a control signal (like increasing the welding speed) to avoid a possible perforation. On the other hand, once a perforation appears, both techniques are able to detect it, so the process can be stopped and the defect reworked.
CONCLUSIONS
In this paper, a technique for control and defect detection of the submerged arc welding process has been presented. It is based on back-face imaging with a thermographic camera and a simple processing scheme to estimate the maximum temperature point. With this approach, the temporal evolution of the plate temperature can be tracked, unexpected changes can be detected, and a control signal could adjust the process parameters (i.e. welding speed) to avoid the occurrence of defects. The most important defect to be detected, the perforation of previously deposited weld seams, can be identified from instabilities shown in the temperature measurement.
Additionally, one important goal of this work has been to study the feasibility of using visible CCD cameras to estimate the temperature and to detect the perforation defect. This was motivated by the much lower cost of visible silicon-based CCD cameras. A colorimetric approach (i.e. the estimation of the temperature by means of the color analysis of the visible images) has been tested and preliminary discarded due to the poor performance of the CCD camera in terms of dynamic range and color resolution. However, a morphological analysis of the visible images has proven to offer the required information about temperature changes and perforation detection.
These techniques for both infrared and visible imaging of the back surface of the plate under welding have been experimentally tested in the laboratory. Several welding trials have been performed in stainless steel plates with changes in thickness to induce temperature variations that could lead to the occurrence of a perforation.
For every welding experiment, a thermographic camera and a CCD color camera recorded simultaneously images of the plate back surface. The analysis of these images confirms the feasibility of the proposed techniques. From the thermal images, the estimation of the temperature of the surface is straightforward: a simple tracking of the point of maximum temperature along the weld seam allows deriving the required control signals to avoid temperature changes that could result in defects. In the event of a perforation, small instabilities are shown in the temperature estimation for all experiments, which could signal the occurrence of this defect.
For the visible images, a morphological analysis by fitting a thresholded image of the heat affected zone to a circle has been performed. As expected, the radius of this circle is related to the temperature, so the tracking of the circle radius and position has allowed the measurement of temperature changes and the occurrence of a perforation.
There are some ongoing works that try to overcome some of the limitations found with the proposed techniques. First, a careful analysis of the colorimetric approach feasibility for temperature estimation using color CCD cameras is being performed. With the help of a black body calibrator, alternative CCD cameras with improved dynamic range and color resolution are being tested. Additionally, temperature referencing of the thermographic camera is being addressed. With these improvements, a precise comparison between infrared and visible images could be performed.
Finally, in-field testing of the proposed techniques for the monitoring and control of the SAW process in the manufacturing of steam generators has already started. The main difficulty is associated with the harsh manufacturing environment: as the cameras and processing equipment have to be placed inside the generator, fumes and projections from the welding process in the event of a perforation, and high temperatures (above 50ºC) are expected. Preliminary imaging with a field-capable ThermaCAM SC2000 (from FLIR Systems) suggests that the in-lab results are quite applicable.
